Abstract--The role of intracellular oxyradicals in H202 and neutrophil-induced cytotoxicity is suggested by previous studies showing protection by inhibitors such as deferroxarnine, dimethylthiourea, and dimethyl sulfoxide. In the current studies, the role of intracellular O2-is specifically examined by evaluating the effects of intracellular superoxide dismutase (SOD) supplementation on cytotoxicity of rat pulmonary artery endothelial cells induced by H202 and activated neutrophils. To minimize in vitro manipulation, supplementation was accomplished by incubating endothelial cells in the presence of SOD (1-20 mg/mL). Increases up to > 17-fold the baseline SOD activity were achievable using this approach, with uptake being maximal after 6 h of incubation. This increase was resistant to trypsin digestion, suggesting the intracellular location of SOD. Compared to controls, SOD-supplemented cells showed significantly increased resistance to killing by H202 and activated neutrophils. Inactive SOD failed to provide protection. The degree of protection was dependent on the dose of cytotoxic agent and the extent of SOD supplementation. The results provide new evidence that intracellular 02-participates in the killing process induced by these two stimuli. The intracellular source of O 2-remains to be determined, although previous studies suggest xanthine oxidase as a likely candidate.
INTRODUCTION
The cellular injurious effects of oxidants from exogenous sources have been well documented, t The production of endogenous intracellular oxidants and their role in cell injury in response to exogenous stimuli, however, have been less well characterized. Previous studies have shown the ability of endothelial cells to generate 02-and H202.1,2 There is also suggestive evidence that these cells can be upregulated with respect to oxidant production in response to certain stimuli, which may contribute to the overall cytotoxicity of these stimuli. 1 The importance of intracellular oxidants, whether they are from endogenous or exogenous sources, is suggested by results of studies using oxidant scavengers loaded into target cells prior to addition of exogenously derived oxidants. [3] [4] [5] Loading of macromolecular oxidant scavengers into nonpermeabilized cells has been accomplished efficiently by encapsulating them in phospholipid vesicles and allowing them to fuse with cell membranes. Superoxide dismutase (SOD) and catalase have been introduced in this manner into cells in vitro and in vivo, and found to be effective in increasing resistance to oxidant-induced injury. 3'4'6'7 Alternatively, modification of SOD and catalase with polyethylene glycol have been found effective in increasing uptake of these enzymes. 4'5 Loading using these methods however, involves potentially injurious processes to the cell membrane, since alteration or abrogation of the permeability barrier of the cell may occur with the introduction of exogenous phospholipids or particulates. Phagocytosis of particulates is known to cause a number of functional responses in endothelial cells, including the increased generation of 02 -and H202 .8 Polyethylene glycol also causes significant alteration in membrane fluidity. 5 As an alternative and to minimize perturbation of the cells by the loading process, this study examined the efficacy of loading unmodified SOD into rat pulmonary artery endothelial cells by incubating them in the presence of increasing doses of this enzyme in normal media. Cells supplemented in this manner were then examined for their susceptibility to oxidant-induced injury in order to help determine if intracellular 02-plays a role in H202 and neutrophil-induced cell injury. Previous studies have confLrrned the effectiveness of such supplementation in improving the cellular resistance to hyperoxia and xan- For the dose-response curve (A) data, rat pulmonary artery endothelial ceils were incubated with the indicated doses of SOD for 18 h, and then washed, trypsinized, and extracted prior to assay for SOD activity as described in Methods. Data represent means _+ SE from four separate experiments. For the time course study (B), cells were incubated with 10 mg/mL of SOD for the times indicated on the abscissa, and then processed similarly as in the dose-response study for SOD assay of cell extracts. Data represent the means --_ SE of triplicate wells from one experiment.
thine oxidase-induced injury, 3~ but no studies have been done using reagent grade H202 or activated neutrophils. In this study, for the first time, resistance to neutrophil or H202-induced injury has been documented in cells that have been preloaded with SOD, suggesting that intracellularly generated O 2-plays a significant role in HEO2-induced endothelial cell injury.
MATERIALS AND METHODS

Reagents
Bovine CuZn-SOD was purchased from Sigma Chemical Co. (St. Louis, MO) and Diagnostic Data, Inc. (Mountain View, CA). Although these two preparations had different specific activities, no significant differences were noted in their effects if equivalent doses (in terms of catalytic activity) were used. Bovine serum albumin, ficoll-hypaque (Histopaque), phorbol 12-myristate 13-acetate (PMA), and (___)-epinephrineHC1 were purchased from Sigma Chemical Co. (St. Louis, MO). Na[51Cr]O4 for use in the cytotoxicity assay was obtained from New England Nuclear (Boston, MA). Media and reagents for tissue culture were obtained from sources previously indicated. 9 All other reagents were of reagent grade or better, unless otherwise specified.
Endothelial cells and SOD loading
Rat pulmonary artery endothelial cells were isolated, characterized, and maintained as previously described.9-13 For SOD loading, cells were plated in 24-well culture plates at a concentration of 2 × 105 cells/mL with a final volume of 1 mL, and incubated overnight in minimal essential media with 10% fetal bovine serum (MEM-10). After washing with serum-free MEM supplemented with 2 mg/mL bovine serum albumin (MEM-BSA), the cells were incubated in this same media containing the indicated concentration of SOD in a final volume of 0.5 mL, and incubated for 18 h, except otherwise indicated in the time course studies. SODloaded cells were washed twice with 1 mL of MEM-BSA to remove unincorporated enzyme. For control studies requiring catalytically inactive SOD, the enzyme was inactivated by treatment with H202 in an alkaline buffer (0.1 M Na2CO 3, pH 10.5) as previously described, 14 and was used after extensive dialysis against Hank's balanced salt solution.
For analysis of SOD loading or supplementation, the cells were then treated with 0.5% trypsin for 5 min at 37°C to digest residual SOD which may be bound to the external surface of the cell membrane. After neutralization of the trypsin with MEM-10, the cells were washed with MEM-BSA and extracted with a buffer containing 0.1 M Na2CO 3 (pH 10.2), 0.2 mM EDTA, 0.2% Triton X-100 and 1 mM phenylmethylsulfonyl fluoride (PMSF). The soluble extracts were then assayed as described below for SOD or catalase activities.
To monitor the stability of the loaded cell-associated SOD, the cells were washed twice with MEM-BSA after loading, and incubated for the indicated time intervals. At the end of incubation the cells were washed, trypsinized, neutralized, and extracted as described above. The Endothelial cells were incubated with 10 mg/mL of SOD for 18 h and washed to remove excess unincorporated enzyme. They were then incubated for the times indicated on the abscissa before washing, trypsinization, and extraction for SOD assay as described in Methods. Data represent the means _ SE with N= 3.
extracts were then assayed for SOD activity as described below. For cytotoxicity studies, the washed SOD-loaded cells were used directly in the assay without prior trypsinization, as described below.
Cytotoxicity assay
This assay was performed as previously described using 51Cr release as an index of cell lysis. 9 Briefly, cells seeded in 24-well culture plates as described above were incubated with the indicated concentrations of SOD and Na[StCr]O4 for 18 h. The wells were then washed twice with MEM-BSA to remove unincorporated SOD and 51Cr. The monolayers were then treated with either the indicated concentration of H202 or neutrophils. In the case of HzO2-induced cytotoxicity, the cells were incubated for 4 h at 37°C prior to collection of media and cell extract for radioactive counting to arrive at the cytotoxicity index. 9 In the case of wells receiving neutrophils, after a 30-min incubation to allow the neutrophils to settle onto the monolayer, 100 ng/mL of PMA was added and the incubation continued for 4 h at 37°C. Samples of media and cell extract were then collected for determination of cytotoxicity index as described previously. 9'13 Control studies have shown that unstimulated neutrophils or PMA alone did not cause significant cytotoxicity. 13 Enzyme assays SOD activity was assayed using the method of Misra and Fridovich, ~5 based on the measurement of inhibition of epinephrine autoxidation to adrenochrome. A unit of activity was defined as the amount of sample causing 50% inhibition of adrenochrome formation. Cell extraction buffer components were found not to interfere with this assay (data not shown). Using this assay, the mean-specific activities of the SOD preparations used in these experiments were 11,028 _ 228 (N = 4) and 19,983 ___ 1,173 (N = 5) units/mg for the Sigma and Diagnostic Data enzymes, respectively.
Catalase activity was assayed in cell extracts as well, to determine if any effects due to cellular SOD supplementation could be mediated by increases in intracellular catalase. This was done by monitoring the consumption of H202 at 240 nm, 16 with activity defined as the change in absorbance per minute at 25°C and pH 7.0.
Statistical analysis
Statistical comparisons between the means of treatment groups were undertaken using analysis of variance, with Scheffr's test for making internal comparisons between any two groups. 17 [SOD Added] (mg/ml) Fig. 3 . Effect of SOD supplementation on H2Oz-induced cytotoxicity. Endothelial cells were loaded with 5~Cr and the indicated doses of SOD for 18h. After washing, the cells were exposed to 0.1 mM H202 for 4 h, and samples of media and cell extract were counted to determine cytotoxicity index as described in Methods. Data represent the means_+ SE with N= 3. Only mean values for cells supplemented with 10 and 20 mg/mL of catalytically active SOD were significantly different (p<0.05) from non+supplemented control value. "Inactivated SOD" refers to cells loaded with 10 mg/mL SOD which had been inactivated by alkaline H202 treatment as described in Methods.
RESULTS
SOD supplementation in endothelial cells
approach was used to load SOD into endothelial cells with a minimum of perturbation. Rat pulmonary artery endothelial cells were incubated with increasing concentrations of SOD to see if their intracellular levels of this enzyme could be significantly increased to a level sufficient to protect against oxidant-induced cytotoxicity. After an overnight (18 h) incubation, these cells were found to contain up to as much as > 17-fold the control or endogenous activity when incubated with 10 mg/mL of exogenous SOD (Fig. 1 a) . The dose-response curve showed a relatively linear rate of uptake until a dose of 5 mg/mL was reached, at which point the curve appeared to plateau as it approached 10 mg/mL. This activity was resistant to trypsinization of the intact cells during preparation of the cell extracts, suggesting an intracellular location. Identical treatment of cell extracts with trypsin resulted in 62% inhibition of SOD activity, suggesting that resistance to the trypsinization procedure is suggestive of its intracellular location. When these same cell extracts were analyzed for catalase activity, no significant differences were observed between those from control, nonsupplemented cells versus those from SOD-supplemented cells (data not shown), indicating that there was insignificant contamination of the SOD preparation by catalase, and that SOD supplementation did not cause elevation of endogenous intracellular catalase activity. The time course for uptake of SOD is shown in Fig.  lb . When cells were incubated in the presence of 10 mg/mL SOD, the rate of increase in cell-associated SOD appeared linear up to 8 h, after which the curve began to plateau. On the basis of this curve, all subsequent loadings were undertaken for 16-18 h. The stability of the exogenous SOD taken up by the cells was also examined. Since all cytotoxicity assays required 4 h of incubation, the stability study was undertaken from 1--4 h after the end of the 16-18-h period of SOD loading. Figure 2 showed that there was an initial decline during the first hour after the cessation of loading, being reduced to approximately 53% of the control (time 0) level. Subsequently, there was a slow rate of decline, such that at the end of 4 h, about 38% of the initial enzyme level remained, which was still about six-fold the endogenous level in nonsupplemented cells.
Protective effects of SOD supplementation on H202-induced cytotoxicity
Previous studies have shown that HzO2-induced cytotoxicity is associated with increases in ATP degradation products, including hypoxanthine and xanthine. ~8, 19 Since rat pulmonary artery endothelial cells contain xanthine oxidase, 13 which uses these bases as substrates, these findings taken together raise the possibility that 02-derived from xanthine oxidase and other sources may contribute to the killing mechanism. Previous studies have found no significant increase in intracellular xanthine oxidase activity in HzO2-treated cells,~3 suggesting that the increase in substrate (i.e., hypoxanthine and xanthine) concentration in these cells may be the determining factor in causing increased 02-production. In order to test this hypothesis, cells were incu-bated with increasing doses of SOD to supplement their endogenous levels, and then tested for their susceptibility to H202-induced killing. The results in Fig. 3 reveal an increased resistance (reduced susceptibility to killing) to 0.1 mM H202, in proportion to increased loading doses of SOD, such that at a dose of 20 mg/mL of SOD, the cytotoxicity index was reduced to less than a fourth of the cytotoxicity obtained in cells that had not been supplemented with SOD. Complete protection (100% inhibition of cytotoxicity) was never accomplished, even at the highest dose of SOD used (20 mg/mL). The inhibition of cell killing was statistically significant at doses of SOD supplementation -10 mg/mL, although the magnitude of protection afforded by lower SOD doses was still substantial at > 20%. When cells were incubated with catalytically inactive SOD at a dose of 10 mg/mL, no significant protection was observed (Fig. 3) . If endothelial cells were incubated for only 5 min with 10 mg/mL of SOD and washed rapidly, no protection was observed (data not shown). These results suggest that only catalytically active SOD that is intracellular is able to inhibit H202-induced cytotoxicity. That this protection was dependent on the extent of SOD supplementation was brought out more clearly when cytotoxicity index or the degree of protection was plotted against actual cell-associated SOD activity (as a result of the increasing SOD loading dose as shown in Fig. 3) in Fig. 4 . Protection appeared to be linearly related to the amount of enzyme activity up to about 60 units/106 ceils, with the curve reaching a plateau beyond this point. This suggests that increasing the endogenous SOD activity beyond six-fold does not significantly provide additional protection.
When the dose of H202 was increased above 0.1 mM, substantially less protection by 10 mg/mL SOD supplementation was observed (Fig. 5) . Although protection was still apparent at 0.2 mM H202, the magnitude was only less than 30%. At 0.5 mM HeO 2, essentially no protection was observed. These results suggest that intracellular SOD supplementation can protect against H202-induced cytotoxicity, while at higher doses of H202, most of the killing is mediated by mechanisms which are not dependent on the generation of O2-. Alternatively, higher doses of H202 may lead to inactivation of cell-associated SOD.
Protective effects of SOD supplementation on neutrophil-induced cytotoxicity
Neutrophil-induced cytotoxicity in rat pulmonary artery endothelial cells is associated with increased xanthine oxidase activity in the endothelial cells, and inhibitors of xanthine oxidase protect against this type of cytotoxicity, t3 These findings suggest a possible role for 02-generated by xanthine oxidase in the killing process. This hypothesis was tested by supplementing the endothelial cells with SOD prior to exposure to PMAstimulated neutrophils. Figure 6 (upper panel) shows that SOD supplementation partially inhibits neutrophilinduced cytotoxicity over a range of concentration of neutrophils. The inhibition was statistically significant at all neutrophil doses tested, except for the lowest. Although the percent protection was greatest at the lowest dose of neutrophils tested, the reduction in cytotoxicity index was the smallest in terms of absolute value. The magnitude of protection declined with increasing doses of neutrophils, reaching a plateau at slightly > 20% protection at doses of neutrophils > 1.2 × 106 / mL (Fig. 6, lower panel) , or > 6:1 ratios of neutrophils to endothelial cells. As was also the case with H202-induced cytotoxicity, intracellular O2-plays a role in cytotoxicity caused by endothelial cell exposure to activated neutrophils.
DISCUSSION
The primary rationale for this study was to seek additional evidence for the role of intracellular 02-in H20 2 and neutrophil-induced cytotoxicity of endothelial cells. There is indirect evidence from studies using certain enzyme inhibitors that O2-, perhaps generated by xanthine oxidase, may be involved in these models of cell injury. ~3 A direct test of this possibility would be to introduce a specific O2-scavenger into target cells and determine if such a treatment could protect the cells from oxidant-induced killing. In order to accomplish this, a method was selected that would cause minimal perturbation of the endothelial cells. Although several methods for introducing enzymes into ceils have been reported, these have relied on approaches using either phospholipid vesicles or conjugation of the enzymes with polyethylene glycol. 3-s The former results in alterations in membrane phospholipid composition, while the latter causes physical disruption in the integrity of the cell membrane. 5 In order to avoid these potential problems, a simpler and more reproducible procedure was developed to supplement endothelial cells with exogenous unmodified SOD. Incubation of cells with up to 20 mg/mL of exogenous SOD results in up to as high as > 17-fold elevation in cell-associated SOD activity, after only as brief as 8 h of incubation. A significant portion of the incorporated SOD appears relatively stable over the 4-h period of the cytotoxicity assay. The mechanism of SOD uptake remains to be determined, although previous studies using other macromolecules suggest endocytosis (perhaps, receptor-mediated) is likely to be involved. [20] [21] [22] [23] When supplemented with exogenous SOD in this manner, endothelial cells became more resistant to killing by both H202 and activated neutrophils. The degree of protection afforded was dependent on the loading dose of SOD or the level of cell-associated SOD supplementation, as well as the dose of H202 or neutrophils. Although complete (100%) protection was never accomplished by SOD supplementation, protection was substantial at doses of H20 2 < 0.5 mM or doses of neutrophils <--10:1 (neutrophil:endothelial cell ratio). Protection was dependent on catalytic activity of the added SOD. SOD supplementation has to be cellassociated to afford protection as suggested by the following, (i) resistance of the supplemented SOD to trypsinization in the intact cell, and (ii) the absence of protection by brief SOD incubation (insufficient time to load the cell) or extracellular SOD supplementation. [24] [25] [26] However, the relative resistance of bovine Cu,Zn-SOD to proteolysis, and the incomplete inhibition of SOD activity even in lysed cell extracts by trypsinization, made it impossible to completely rule out the possibility of some contribution by cell surface associated SOD in the observed activity in cell extracts. Partial inhibition of SOD activity in cell extracts by trypsinization cannot be totally due to digestion of endogenous MnSOD, since total endogenous SOD activity constituted typically less than 20% of the total in exogenously supplemented cells while trypsinization of cell extracts actually caused > 60% inhibition of total cell extract activity. Nevertheless this contribution by cell surface bound SOD is likely to be minor since significant protection was not afforded by brief incubation with identical doses of SOD, which would be expected to cause similar amount of cell surface nonspecific binding but minimal intracellular loading. Although the SOD itself may be relatively resistant to trypsin digestion, most of the cell surface proteins to which it may be bound are not expected to be quite this resistant. Thus trypsinization of the cells would be expected to reduce cell surface binding of the SOD. Thus, despite the fact that unequivocal proof of exclusive intracellular location of the supplemented SOD is lacking, there is sufficient circumstantial evidence to suggest that the observed protection by SOD supplementation is due to cell-associated enzyme that is not merely loosely bound to the cell surface. Definitive cellular, especially intracellular (organellar vs cytosolic) localization is beyond the scope of these studies, and would require a combination of immunohistochemical and cellular fractionation studies. Although previous studies have also shown protection by intracellular SOD supplementation using alternative approaches, none have used reagent grade H202 or activated neutrophils as the injurious stimulus. As a matter of fact the protection afforded in response to H202-induced injury was surprising since it has been the accepted but untested assumption that H202 kills by direct oxidation of susceptible cellular targets without mediation by 02 -generation. The results thus provide support for the conclusion that intracellular 02-(in the target cell) plays a significant role in endothelial cell cytotoxicity induced by these two agents. The data however did not identify the source of intracellular 02-in these two models of injury, although xanthine oxidase is a likely source based on previous inhibitor studies. 13 There is precedent for a role for inlxacellular O 2-in H202-induced cytotoxicity in microbial systems. 27'2s These data add to the growing body of evidence that the killing of endothelial cells either by H202 or activated neutrophils is mediated by 02-. Although neutrophil-generated 02-may enter the endothelial cell via anion channels, in the case of H202-mediated cytotox-icity, a role for 02-exogenous to the endothelial cell can be ruled out. It appears reasonable to speculate that the role of intracellularly generated 02-may be to bring about reduction of Fe 3 + to Fe 2 ÷ which can then interact with H202 diffusing into the endothelial cell, the end result being formation of the highly reactive hydroxyl radical. This speculation is consistent with the earlier observation showing that pretreatment of endothelial cells with deferroxamine is highly protective against cytotoxicity caused by activated neutrophils. 9 Although the source of 02-in the endothelial cells is not directly demonstrated, the possibility of xanthine oxidase being the source is compatible with the observation that allopurinol, oxypurinol, and lodoxamide are protective against neutrophil-associated cytotoxicity, perhaps because of their ability to limit the amount of substrate available for xanthine oxidase. Obviously, the contribution of mitochondria, cyclooxygenase, and other enzymes in the endothelial cell to the intracellular formation of O2-cannot be excluded.
